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     In the article the RF-buncher for VEPP-5 preinjector is considered. 
Geometrical sizes and buncher’s characteristics are presented. 
    Operation such RF-buncher with a “long” intense bunch is considered 
separately. Conclusion of equations of transient in buncher and analysis of its 













                                            






Dhgkljmdpby b oZjZdl_jbklbdb 
  
K<Q-]jmiibjh\Zl_ev ij_^gZagZq_g ^ey nhjfbjh\Zgby h^bghqgh]h
k]mkldZ k wg_j]b_c  d< gZ \oh^_ \ i_j\mx mkdhjyxsmx kljmdlmjm
nhjbg`_dlhjZ <WII- >@ ihke_ ij_^\Zjbl_evghc ]jmiibjh\db \
km[]Zjfhgbq_kdhf ]jmiibjh\Zl_e_ Dhgkljmdpby <Q-]jmiibjh\Zl_ey
ij_^klZ\e_gZ gZ jbk 
 
Jbk  <Q-]jmiibjh\Zl_ev 
 
Hg khklhbl ba q_luj_o k\yaZgguo pbebg^jbq_kdbo j_ahgZlhjh\  qZrdb 
 ljZgknhjfZlhj lbiZ \hegu JZ[hqbc \b^ dhe_[Zgby - 3/4 piθ −= . 
=jmiibjh\Zl_ev ba]hlh\e_g ba fZl_jbZeZ k ^hklZlhqgh [hevrbf
ih\_joghklguf khijhlb\e_gb_f - g_j`Z\_xs_c klZeb fZjdb OGL
Bf__lky jm[ZrdZ ^ey h[_ki_q_gby hoeZ`^_gby b l_jfhklZ[bebaZpbb
HldZqdZ hkms_kl\ey_lky q_j_a hl\_jklb_ jZkiheh`_ggh_ ^bZf_ljZevgh
ijhlb\hiheh`gh ljZgknhjfZlhjm lbiZ \hegu qlh d lhfm `_ kbff_ljbam_l
jZkij_^_e_gb_ we_dljbq_kdh]h ihey \ i_j\hc yq_cd_ =_hf_ljbq_kdb_





LZ[ebpZ  =_hf_ljbq_kdb_ jZaf_ju ]jmiibjh\Zl_ey 
 
<gmlj_ggbc ^bZf_lj yq_cdb b  ff  
>bZf_lj ijhe_lgh]h hl\_jklby a  ff  
LhesbgZ ^bZnjZ]fu t  ff  
I_jbh^ D  ff  
 
< lZ[ebp_  ijb\_^_gu j_ahgZgkgu_ qZklhlu ]jmiibjh\Zl_ey 













Ijh]jZffhc SLANS fh`gh jZkkqblu\Zlv lhevdh hk_kbff_ljbqgu_
j_ahgZlhju LZd dZd \oh^gZy yq_cdZ ]jmiibjh\Zl_ey bf__l ^\Z hl\_jklby 
^ey hldZqdb b \\h^Z fhsghklb lh ijb jZkq_l_ ]jmiibjh\Zl_ey k lhqgufb
jZaf_jZfb ihemqZebkv g_kdhevdh bgu_ j_ahgZgkgu_ qZklhlu \b^h\
dhe_[Zgby q_f baf_j_ggu_ gZ j_ahgZgkghf fZd_l_ Iml_f ih^[hjZ lhevdh
jZaf_jh\ dhgmkgh]h hl\_jklby \ i_j\hc yq_cd_ fh`gh [ueh ihemqblv
j_ahgZgkgmx qZklhlm jZ[hq_]h \b^Z dhe_[Zgby kh\iZ^Zxsmx k
wdki_jbf_glZevghc Ijb wlhf hdZaZehkv qlh ijb lZdhc ih^]hgd_ kh\iZeb
b j_ahgZgkgu_ qZklhlu hklZevguo \b^h\ dhe_[Zgbc kf LZ[e  
Baf_j_gb_ jZkij_^_e_gby we_dljbq_kdh]h ihey gZ hkb ]jmiibjh\Zl_ey
ijh\h^bebkv f_lh^hf fZeh]h \hafmsZxs_]h l_eZ <hafmsZxs__ l_eh \
\b^_ f_lZeebq_kdh]h rZjbdZ ij_^\Zjbl_evgh dZeb[jh\Zehkv \ ?010 
pbebg^jbq_kdhf j_ahgZlhj_ DZeb[jh\hqguc j_ahgZlhj bf_e ke_^mxsb_
iZjZf_lju ^bZf_lj –  ff 
\ukhlZ –  ff 
j_ahgZgkgZy qZklhlZ wlZehggh]h j_ahgZlhjZ =
W
I F=p 
FZdkbfZevguc k^\b] j_ahgZgkghc qZklhlu ijb \g_k_gbb dZeb[jm_fh]h






Hlghr_gb_ gZijy`_gghklb we_dljbq_kdh]h ihey gZ hkb dZeb[jh\hqgh]h
j_ahgZlhjZ d dhjgx d\Z^jZlghfm ba iheghc aZiZk_gghc \ j_ahgZlhj_














>`/f/F< .  
JZ[hqZy j_ahgZgkgZy qZklhlZ ]jmiibjh\Zl_ey ijb l_fi_jZlmj_
hdjm`Zxs_]h \ha^moZ ~ 20°K - =

I  F=p Baf_j_ggZy
kh[kl\_ggZy ^h[jhlghklv ]jmiibjh\Zl_ey gZ jZ[hq_c qZklhl_ =

4 3350, 
DK<G   dhwnnbpb_gl k\yab ih^\h^ys_]h \hegh\h^Z k j_ahgZlhjhf
=cβ  GZ jbk  ihdZaZgh jZkij_^_e_gb_ hlghkbl_evgh]h d\Z^jZlZ
we_dljbq_kdh]h ihey gZ hkb ]jmiibjh\Zl_ey kgylh_ f_lh^hf fZeh]h
\hafmsZxs_]h l_eZ 
Jbk  JZkij_^_e_gb_ d\Z^jZlZ Zfieblm^u we_dljbq_kdh]h ihey 
gZ hkb ]jmiibjh\Zl_ey gZ jZ[hq_c qZklhl_ 
 
FZdkbfZevguc k^\b] j_ahgZgkghc qZklhlu ijb \g_k_gbb \hafmsZxs_]h
l_eZ =∆
PD[
I F=p  
Hlghr_gb_ fZdkbfZevghc gZijy`_gghklb we_dljbq_kdh]h ihey gZ hkb






















>`/f/F< .  
GZ jbk  ijb\_^_gh jZkij_^_e_gb_ we_dljbq_kdh]h ihey gZ hkb
]jmiibjh\Zl_ey ijb aZiZk_gghc wg_j]bb \ g_f  >` KiehrgZy ebgby – 
j_amevlZl jZkq_lZ ijh]jZffhc SLANS Z lhqdb - baf_j_ggh_
wdki_jbf_glZevgh f_lh^hf fZeh]h \hafmsZxs_]h l_eZ  
Jbk  JZkij_^_e_gb_ we_dljbq_kdh]h ihey gZ hkb ]jmiibjh\Zl_ey 
 
<b^gh ohjhr__ kh]eZkh\Zgb_ dZd \k_o j_ahgZgkguo qZklhl ]jmiibjh\Zl_ey
kf lZ[e  lZd b jZkij_^_e_gby we_dljbq_kdh]h ihey gZ jZ[hq_c qZklhl_  
AgZy kh[kl\_ggmx ^h[jhlghklv j_ahgZlhjZ b jZkij_^_e_gb_ ihey gZ hkb
j_ahgZlhjZ fh`gh hij_^_eblv wnn_dlb\gh_ rmglh\h_ khijhlb\e_gb_
]jmiibjh\Zl_ey shR  >ey hlghkbl_evghc kdhjhklb ]jmiibjm_fuo qZklbp














































































]^_ ( ) UzEz / - jZkij_^_e_gb_ we_dljbq_kdh]h ihey gZ hkb j_ahgZlhjZ
ghjfbjh\Zggh_ gZ dhj_gv d\Z^jZlguc ba iheghc aZiZk_gghc wg_j]bb Hgh
fh`_l [ulv baf_j_gh wdki_jbf_glZevgh beb ihemq_gh jZkq_lhf
gZijbf_j ijh]jZffhc SLANS – kf jbk  Ijh]jZffhc SLANS ^ey
aZ^Zggh]h β  lZd`_ jZkkqblu\Zxlky lZdb_ iZjZf_lju dZd  
 
“QUALITY FACTOR”         =SLANSQ 16867 , 
“EFFECTIVE IMPEDANCE”    =effZ  58.12 Hf  b 
“SHUNT IMPEDANCE”               SLANSQZR eff ⋅=   0Hf.  
 
Ih gbf lZd`_ fh`gh hij_^_eblv j_Zevgh_ wnn_dlb\gh_ rmglh\h_
khijhlb\e_gb_ shR  _keb ba\_klgZ j_ZevgZy ^h[jhlghklv j_ahgZlhjZ 0Q : 
                                   SLANS0 /2 QQRRsh ⋅⋅=    beb 




MjZ\g_gb_ ijh^hevgh]h ^\b`_gby i-c aZjy`_gghc qZklbpu \e_lZxs_c \
]jmiijbjh\Zl_ev \ fhf_gl \j_f_gb itt 0=  aZibku\Z_lky dZd 














Beb i_j_oh^y d i_j_f_gghc iβ b ijhba\h^ghc ih z: 
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]^_ fh^bnbpbjh\ZggZy nmgdpby ;_kk_ey gme_\h]h ihjy^dZ ( )xI0  
hibku\Z_l jZkij_^_e_gb_ we_dljbq_kdh]h ihey ih jZ^bmkm ?keb imqhd
bf__l jZ^bmk ≈a  ff lh fZdkbfZevgZy g_jZ\ghf_jghklv we_dljbq_kdh]h








⋅piI  Ihwlhfm \ ^Zevg_cr_f _]h g_ [m^_f mqblu\Zlv 
Ij_^klZ\bf jZkij_^_e_gb_ we_dljbq_kdh]h ihey gZ hkb j_ahgZlhjZ \
\b^_ 
                
( ) ( ){ } ( ) ( ){ }tjtjz etazreetzrEtzrE   ~ Re,,,~Re,, ωω ⋅⋅=⋅= ⊥⊥⊥ &&&&& ,            (3) 
 
]^_ ( )zre ,⊥&&  - ghjfbjh\Zggh_ jZkij_^_e_gb_ we_dljbq_kdh]h ihey \
j_ahgZlhj_  ( ) ( )∫ =⋅ ⊥⊥
V
dVzrezre 1 ,, &&&& , V–h[t_f j_ahgZlhjZ Z ( )ta~ -
dhfie_dkgZy f_^e_ggh f_gyxsZyky aZ\bkbfhklv hl \j_f_gb Wlh
baf_g_gb_ fh`_l [ulv h[mkeh\e_gh dZd i_j_oh^gufb ijhp_kkZfb \
j_ahgZlhj_ lZd b jZ[hlhc ]jmiibjh\Zl_ey hl kbkl_fu mfgh`_gby
fhsghklb lbiZ SLED dZd \ ko_f_ iblZgby ]jmiibjh\Zl_ey \ mkdhjbl_e_
nhjbg`_dlhjZ <WII- JZkij_^_e_gb_ we_dljbq_kdh]h ihey gZ hkb
j_ahgZlhjZ aZibr_lky \ \b^_ 
 
( ) ( ){ } ( ) ( ) ( ){ }tjtjztjzz eetazeetzrEtzrE a     Re ~ ,,0~Re,,0 ωϕω ⋅⋅⋅≡⋅=== ⊥⊥ && , (4) 
 
]^_ ( )taϕ - f_^e_ggh f_gyxsZyky aZ\bkbfhklv nZau hl \j_f_gb K mq_lhf
wlh]h mjZ\g_gb_ ^\b`_gby  fh`gh aZibkZlv \ \b^_  
          
( ) ( ) ( )
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 , ωϕ ih^qbgy_lky mjZ\g_gbx 
 






=                                               (6) 
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k gZqZevguf mkeh\b_f ( )00 == zii ϕϕ .  
MjZ\g_gb_ ^\b`_gby  [m^_f j_rZlv [_a mq_lZ kbe ijhkljZgkl\_ggh]h
aZjy^Z LZdh_ j_r_gb_ g_evay ijbf_gblv d kemqZx ]jmiibjh\db \
wdki_jbf_glZo k ³dhjhldbf´ k]mkldhf >@ dh]^Z qbkeh qZklbp \ h^bghqghf
]jmiibjm_fhf k]mkld_ khklZ\eyeh 
10
÷1011 qZklbp Ijb wdki_jbf_glZo k
³^ebgguf k]mkldhf´ >@ ijb ^ebl_evghklb k]mkldZ bτ ≈  gk b kj_^gbf
lhdhf imqdZ ≈  : qbkeh qZklbp aZ i_jbh^ a ⋅1010  lZdhc jZkq_l _s_
ijZ\hf_j_g  
;_a mq_lZ kbe ijhkljZgkl\_ggh]h aZjy^Z ]jmiibjmxs__ we_dljbq_kdh_
ihe_ aZ\bkbl lhevdh hl \g_rg_]h ]_g_jZlhjZ ihwlhfm \ ^Zevg_cr_f
m^h[gh [m^_l jZ[hlZlv g_ k we_dljbq_kdbf ihe_f zE  Z k wnn_dlb\guf
gZijy`_gb_f \ j_ahgZlhj_ beb ijhklh k gZijy`_gb_f 
 
( ) ( ) ( )











































        (7) 
Hldm^Z ^ey mjZ\g_gby ^\b`_gby  ihemqbf  
 
( ) ( ) ( ) ( )
( )
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.   (8) 
A^_kv ( )zEUz  - jZkij_^_e_gb_ we_dljbq_kdh]h ihey gZ hkb j_ahgZlhjZ k
ex[hc _]h ghjfbjh\dhc GZijbf_j k ghjfbjh\dhc gZ aZiZk_ggmx
wg_j]bx dZd \ ijh]jZff_ jZkq_lZ oZjZdl_jbklbd j_ahgZlhjZ SLANS <











 < klZpbhgZjghf kemqZ_ [_a mq_lZ gZ]jmadb lhdhf
gZijy`_gb_ CV
~
fh`gh \ujZablv q_j_a fhsghklv ih^\h^bfmx d
]jmiibjh\Zl_ex
 















,                                     (9) 
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]^_ Cβ  - dhwnnbpb_gl k\yab j_ahgZlhjZ k ih^\h^ysbf \hegh\h^hf  
        genP  - fhsghklv ih^\h^bfZy d j_ahgZlhjm 
        genϕ  - nZaZ gZijy`_gby \ j_ahgZlhj_ hij_^_ey_fZy \g_rgbf 





ξ z=  hdhgqZl_evgh mjZ\g_gby ^ey
jZkq_lZ ]jmiibjh\db qZklbp \ ]jmiibjh\Zl_e_ aZibrmlky \ \b^_
 
  
                                  
( )































                    (10) 
]^_ [_ajZaf_jgZy Zfieblm^Z ]jmiibjmxs_]h ihey ( )ξ,tG jZ\gZ 
 
       
( ) ( ) ( )
( )








































.       (11) 
    
K mq_lhf ihemq_gguo oZjZdl_jbklbd j_ahgZlhjZ ]jmiibjh\Zl_ey [ueb
jZkkqblZgu j_`bfu ]jmiibjh\db imqdZ ijb jZaebqguo \oh^guo
fhsghklyo Ij_^iheZ]Z_lky qlh gZ \oh^ ]jmiibjh\Zl_ey ihklmiZ_l
g_ij_ju\guc imqhd GZihfgbf qlh \oh^gZy fhsghklv \ ]jmiibjh\Zl_ev
_klv qZklv fhsghklb ihke_ kbkl_fu mfgh`_gby SLED dhlhjZy q_j_a
\hegh\h^guc gZijZ\e_gguc hl\_l\bl_ev k i_j_oh^guf hkeZ[e_gb_f
hl\α = 23.1 dB ih^Z_lky gZ \oh^ K<Q-]jmiibjh\Zl_ex GZ jbk 
bah[jZ`_gZ aZ\bkbfhklv iehlghklb ]jmiibjmxsboky qZklbp \^hev
]jmiibjh\Zl_ey ijb jZaebqguo mjh\gyo \oh^ghc fhsghklb 0P ijb
wg_j]bb bg`_dpbb  d< GZ jbkmgdZo  b  ihdZaZgu aZ\bkbfhklb
\uoh^ghc nZau b hlghkbl_evghc kdhjhklb qZklbp gZ \uoh^_
]jmiibjh\Zl_ey hl nZau \e_lZ ijb jZaebqguo mjh\gyo \oh^ghc fhsghklb
GZ jbkmgd_  ijb\_^_gu ]bklh]jZffu iehlghklb qZklbp gZ \uoh^_
]jmiibjh\Zl_ey ijb l_o `_ mjh\gyo \oh^ghc fhsghklb AZ\bkbfhklb gZ
jbk  b  ^Zgu ^ey lhqdb ijbf_jgh khhl\_lkl\mxs_c \oh^m \ i_j\mx
mkdhjyxsmx k_dpbx mkdhjbl_ey nhjbg`_dlhjZ Lh _klv nZdlbq_kdb gZ  
 
10 
Jbk  AZ\bkbfhklv iehlghklb ]jmiibjmxsboky qZklbp hl dhhj^bgZlu z  
ijb jZaebqguo mjh\gyo \oh^ghc fhsghklb 




Jbk  AZ\bkbfhklb hlghkbl_evghc kdhjhklb qZklbp gZ \uoh^_
]jmiibjh\Zl_ey hl nZau \e_lZ ijb jZaebqguo mjh\gyo \oh^ghc fhsghklb 
Jbk  AZ\bkbfhklb iehlghklb qZklbp gZ \uoh^_ ]jmiibjh\Zl_ey hl
\uoh^ghc nZau ijb jZaebqguo mjh\gyo \oh^ghc fhsghklb 
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P0 = 80 kW
P0 = 40 kW
P0 = 10 kW
dN/dz
z [mm]











Ps = 20 kW
Ps = 40 kW
Ps = 80 kW
Ps = 0 kW
Ps = 5 kW
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(β ing = 0.6953)Uing = 200 kV
Ps = 80 kW
Ps = 40 kW
Ps = 20 kW
Ps = 5 kW
Ps = 10 kW
Ps = 0 kW
β
Input angle [deg]













P0 = 5 kW 
P0 = 80 kW 
P0 = 40 kW 
P0 = 20 kW 
P0 = 10 kW 
dN/dϕ
Output angle [deg.]
jbk  ihdZaZgZ aZ\bkbfhklv hl \j_f_gb lhdZ k]jmiibjh\Zggh]h k]mkldZ
ihklmiZxs_]h gZ \oh^ i_j\hc mkdhjyxs_c k_dpbb mkdhjbl_ey 
HilbfZevgZy ]jmiibjh\dZ khhl\_lkl\m_l fhsghklb 0P ≈10 d<l
fZdkbfZevgh_ we_dljbq_kdh_ ihe_ gZ hkb j_ahgZlhjZ a  F<f Ijb
fhsghklb f_gvr_ hilbfZevghc imqhd _s_ g_^hklZlhqgh k]jmiibjh\Zg :
ijb fhsghklb [hevr_  d<l gZqbgZ_lky ijhp_kk i_j_]jmiibjh\db Ijb
jZ[hl_ k h^bghqguf k]mkldhf \k_]^Z fh`gh ih^h[jZlv hilbfZevguc
mjh\_gv \oh^ghc fhsghklb khhl\_lkl\mxsbc fZdkbfZevghc
]jmiibjh\d_ Ijb jZ[hl_ k ³^ebgguf´ k]mkldhf  250≈bτ gk b
bkihevah\Zgbb kbkl_fu mfgh`_gby 6/(' \oh^gZy fhsghklv f_gy_lky aZ
\j_fy ijhe_lZ k]mkldZ ijbf_jgh \ ^\Z jZaZ GZ jbk  ijb\_^_gZ
aZ\bkbfhklv fhsghklb gZ \oh^_ \ ]jmiibjh\Zl_ev hl \j_f_gb ijb jZ[hl_ k
kbkl_fhc mfgh`_gby fhsghklb 
Jbk  AZ\bkbfhklv hl \j_f_gb fhsghklb K<Q ihklmiZxs_c gZ \oh^
]jmiibjh\Zl_ey 
 
Ijb m\_ebq_gbb \oh^ghc fhsghklb ^ebgZ k]mkldZ m\_ebqb\Z_lky ijb
0P   d<l hgZ ihjy^dZ ° H[eZklv aZo\ZlZ \ j_`bf mkdhj_gby ^ey
mkdhjbl_ey k hlghkbl_evghc nZah\hc kdhjhklvx 1n =β  b [hevrbf
mkdhjyxsbf ihe_f ^hklZlhqgh [hevrZy \ gZr_f kemqZ_ rbjbgZ
k_iZjZljbku !° Ihwlhfm m\_ebq_gb_ ^ebgu k]mkldZ ϕ∆ gZ \oh^_ \ 
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mkdhjbl_ev \_^_l \ hkgh\ghf d m\_ebq_gbx jZa[jhkZ ih wg_j]bb
( )4/sin2/ 2 ϕ∆≅∆ EE  ?keb aZ^Zlvky ijb_fe_fuf wg_j]_lbq_kdbf
jZa[jhkhf ±1.5 % ( EE /∆ =  lh wlh [m^_l khhl\_lkl\h\Zlv ^ebg_
k]mkldZ ϕ∆ ~28°.  
Lh _klv dZd ijb jZ[hl_ k h^bghqguf k]mkldhf lZd b ijb jZ[hl_ k
³^ebgguf k]mkldhf´ j_`bfu gZkljhcdb ]jmiibjh\Zl_ey dZd ih \_ebqbg_
\oh^ghc fhsghklb lZd b ih nZa_ ^hklZlhqgh fy]db_ Ohly g_evay
aZ[u\Zlv ijh gZebqb_ ijhkljZgkl\_ggh]h aZjy^Z b g_ba[_`guo ihl_jv
imqdZ ih ihi_j_qghc ^bgZfbd_ hkh[_ggh gZ \oh^_ \ mkdhjyxsmx
kljmdlmjm k [hevrbf mkdhjyxsbf ihe_f 
H^gh aZf_qZgb_ ijb jZ[hl_ k h^bghqguf k]mkldhf b [hevrhc \oh^ghc
fhsghklb fh`gh hrb[hqgh gZkljhblvky gZ jZ[hlm k e_\uf ibdhf \
iehlghklb qZklbp gZ \uoh^_ ]jmiibjh\Zl_ey kf jbk  Ijb wlhf dZd
\b^gh ba jbk  iehlghklv qZklbp gZ \oh^_ \ mkdhjbl_ev ijb gZ^e_`Zs_f
\u[hj_ nZau [m^_l ^hklZlhqgh [hevrhc Ihwlhfm \b^bfuc
wg_j]_lbq_kdbc ki_dlj [m^_l ^hklZlhqgh madbc k g_[hevrbf ³o\hklhf´ \
h[eZklv gbadbo wg_j]bc Gh \ ^Zevg_cr_f mkdhj_gbb [m^_l mqZkl\h\Zlv
ijbf_jgh iheh\bgZ k]mkldZ 
?keb iblZgb_ imrdb bfimevkgh_ lh wg_j]by bg`_dlbjm_fuo qZklbp
fh`_l f_gylvky aZ \j_fy bfimevkZ lhdZ Baf_g_gb_ wg_j]bb
bg`_dlbjm_fuo \ ]jmiibjh\Zl_ev qZklbp \_^_l d baf_g_gbx \uoh^ghc
nZau k]jmiibjh\Zgguo qZklbp Wlh lh`_ fh`_l ijb\_klb d baf_g_gbx
\uoh^ghc wg_j]bb mkdhjbl_ey ki_dljZ wg_j]bb b dhwnnbpb_glZ aZo\ZlZ
GZ jbk  ihdZaZgZ aZ\bkbfhklv iehlghklb qZklbp gZ \uoh^_
]jmiibjh\Zl_ey hl \uoh^ghc nZau ^ey jZaguo wg_j]bc bg`_dpbb ijb
h^bgZdh\hc \oh^ghc K<Q fhsghklb  d<l GZihfgbf qlh
]jmiibjh\Zl_ev jZkkqblZg b gZkljh_g ^ey jZ[hlu k  dbeh\hevlh\uf
imqdhf GZ jbk  kiehrghc ebgb_c k lhqdZfb ihdZaZgZ aZ\bkbfhklv
hldehg_gby nZau k]mkldZ gZ \uoh^_ ]jmiibjh\Zl_ey hl wg_j]bb bg`_dpbb
Ba g__ ke_^m_l qlh qm\kl\bl_evghklv baf_g_gby \uoh^ghc nZau hl
wg_j]bb bg`_dpbb jZ\gZ =∆∆ U/ϕ 1.4 ]jZ^d< Ij_^iheh`bf qlh
qZklbpu \k_]^Z ]jmiibjmxlky \hdjm] g_dhc kbgojhgghc qZklbpu
^\b]Zxs_cky k ihklhygghc kdhjhklvx jZ\ghc kdhjhklb bg`_dlbjm_fuo
qZklbp Lh]^Z aZ\bkbfhklv hldehg_gby nZau k]mkldZ gZ \uoh^_
]jmiibjh\Zl_ey hl wg_j]bb bg`_dpbb bf_eZ [u \b^ 



















































h^ghc kiehrghc ebgbb <b^gh qlh \ wlhf kemqZ_ qm\kl\bl_evghklv [ueZ
[u ijbf_jgh \ ihelhjZ jZaZ [hevr_ ≈∆∆ U/ϕ 2.3 ]jZ^d<  
Jbk  AZ\bkbfhklv iehlghklb qZklbp gZ \uoh^_ ]jmiibjh\Zl_ey hl
\uoh^ghc nZau ^ey jZaguo wg_j]bc bg`_dpbb ijb h^bgZdh\hc \oh^ghc
K<Q fhsghklb  d<l 
Jbk  AZ\bkbfhklv hldehg_gby nZau k]mkldZ gZ \uoh^_ ]jmiibjh\Zl_ey
hl wg_j]bb bg`_dpbb ijb h^bgZdh\hc \oh^ghc K<Q fhsghklb  d<l





 Hkh[_gghklb jZ[hlu ]jmiibjh\Zl_ey k ³^ebgguf k]mkldhf´ 
 
Ijb jZ[hl_ h^ghaZahjgh]h ]jmiibjh\Zl_ey debkljhggh]h lbiZ qZklbpu
\ g_f ijbh[j_lZxl lhevdh ijbjZs_gb_ kdhjhklb KZf `_ imqhd
ijhoh^ysbc ]jmiibjmxsbc j_ahgZlhj g_ mki_\Z_l hnhjfblvky \
hl^_evgu_ k]mkldb >ey wlh]h ihke_ lZdh]h ]jmiibjh\Zl_ey ij_^mkfhlj_gh
^hihegbl_evgh_ ijhkljZgkl\h ^j_cnZ ]^_ b ijhbkoh^bl kh[kl\_ggh
]jmiibjh\dZ - nhjfbjh\Zgb_ hl^_evguo k]mkldh\ ba i_j\hgZqZevgh
g_ij_ju\gh]h imqdZ Ihwlhfm ]jmiibjm_fuc imqhd ijhoh^ysbc
h^ghaZahjguc j_ahgZlhj \ kj_^g_f g_ gZ\h^bl ^hihegbl_evguo ihe_c lhc
`_ qZklhlu \ kZfhf j_ahgZlhj_ =jmiibjh\dZ hij_^_ey_lky lhevdh ihe_f
aZ^Zgguf \g_rgbf ]_g_jZlhjhf g_aZ\bkbfh hl ^ebl_evghklb gZqZevgh]h
lhdZ  
=jmiibjh\Zl_ev nhjbg`_dlhjZ khklhbl ba q_luj_o k\yaZgguo
j_ahgZlhjh\ Ihegh_ nhjfbjh\Zgb_ k]mkldZ ijhbkoh^bl \ kZfhf
]jmiibjh\Zl_e_ kf jbk Wlh ^Zeh \hafh`ghklv \iehlgmx ijb[ebablv
]jmiibjh\Zl_ev d i_j\hc mkdhjyxs_c k_dpbb b g_ \\h^blv \ dhgkljmdpbx
^hihegbl_evguc ^j_cnh\uc ijhf_`mlhd H^gZdh l_i_jv \ hlebqb_ hl
h^ghaZahjgh]h ]jmiibjh\Zl_ey \gmljb j_ahgZlhjZ ih djZcg_c f_j_ gZ _]h
dhgp_ gZoh^blky \iheg_ k]jmiibjh\Zgguc ih nZa_ k]mklhd ?]h ihe_
baemq_gby ^ebggh\hegh\h_ m`_ g_ jZ\gh gmex Hgh kdeZ^u\Z_lky k m`_
kms_kl\mxsbf \ j_ahgZlhj_
ihe_f LZd dZd ihe_ \
j_ahgZlhj_ ghkbl oZjZdl_j




k]mkldZ hgh jZ\gh kf jbk
ϕsinCVV −=  ]^_ CV  - 
Zfieblm^Z ihey \ j_ahgZlhj_
dhlhjZy aZ\bkbl hl ihey ]_g_jZlhjZ b gZ\_^_ggh]h ihey baemq_gby
k]mkldh\ ijhr_^rbo d wlhfm \j_f_gb q_j_a j_ahgZlhj Ihe_ baemq_gby
hq_j_^ghc ihjpbb imqdZ jZ\gh ϕcosBVV ∆−=  ]^_ BV∆ ijhihjpbhgZevgh
kj_^g_fm lhdm imqdZ Lh]^Z ihke_ ijhoh`^_gby wlhc ihjpbb imqdZ q_j_a
j_ahgZlhj \ g_f hklZg_lky ihe_ jZ\gh_ 
 





 - VC sin(ϕ)








Uing = 240 kV
Uing = 220 kV
Uing = 200 kV
Uing = 180 kV
Output angle [deg]
Uing = 160 kV
Ps = 10 kWHistoram














(∆ϕ/U = 1.4 deg./kV)
(∆ϕ/U = 2.3 deg./kV)






]^_ CB VV /tan ∆=∆ϕ  Lh]^Z gZ ihke_^mxsb_ qZklbpu [m^_l ^_ckl\h\Zlv
]jmiibjmxs__ ihe_ [hevr__ ih Zfieblm^_ b k^\bgmlh_ ih nZa_ Lh _klv
ijb ijhoh`^_gbb lhdZ q_j_a j_ahgZlhj \ g_f [m^_l b^lb i_j_oh^ghc
ijhp_kk k baf_g_gb_f dZd Zfieblm^u ]jmiibjmxs_]h ihey lZd b _]h nZau
< j_amevlZl_ gZ \uoh^_ ]jmiibjh\Zl_ey gZqZeh b dhg_p ihegh]h k]mkldZ
[m^ml bf_lv jZagmx iehlghklv Z qlh _s_ [he__ \Z`gh jZagmx \uoh^gmx
nZam k]jmiibjh\Zgguo k]mkldh\ < mkdhjyxs_c k_dpbb ^ebgguc k]mklhd
lh`_ [m^_l gZ\h^blv ihe_ baemq_gby Gh wlh ihe_ baemq_gby gZ\_^_ggh_
hq_j_^ghc ihjpb_c lhdZ [m^_l dZ`^uc jZa moh^blv hl gZqZeZ k_dpbb k
]jmiih\hc kdhjhklvx \hegu \ mkdhjyxs_c kljmdlmj_ Lh _klv gZ \oh^_ \
mkdhjyxsmx k_dpbx \k_]^Z [m^ml h^bgZdh\u_ mkeh\by ^ey ijb_fZ
hq_j_^gh]h k]mkldZ hij_^_ey_fu_ lhevdh ihe_f ]_g_jZlhjZ b g_
aZ\bkysb_ hl lhdZ imqdZ DZd ke_^kl\b_ k]mkldb \e_l_\rb_ \ jZagu_
fhf_glu \j_f_gb \ mkdhjyxsmx k_dpbx [m^ml bf_lv jZagu_ klZjlh\u_
nZau Hl gZqZevghc nZau \e_lZ \ kljmdlmjm aZ\bkyl b kj_^gyy wg_j]by
k]mkldZ b wg_j]_lbq_kdbc ki_dlj imqdZ b qlh kZfh_ ]eZ\gh_ dhwnnbpb_gl




ihe_ \ j_ahgZlhj_ \[ebab jZ[hq_c qZklhlu ω \ \b^_  
 
                                          
( ) ( ) ( )taretrE ⋅= &&&& , .                                                 (12) 
Ijbq_f ( ) ( ) tjetata  ~Re ω⋅=  ]^_ ( )ta~ - f_^e_ggh f_gyxsZyky ih
kjZ\g_gbx k i_jbh^hf ωpi /2=T nmgdpby \j_f_gb GZijy`_gb_ \
j_ahgZlhj_ jZg__ [ueh hij_^_e_gh dZd kf  
( ) ( ) ( )











































      (13) 









b ke_^h\Zl_evgh ( ) ( ) wtatVC ⋅= ~~ . 
K mq_lhf wlh]h mjZ\g_gb_ ^ey jZkq_lZ Zfieblm^gh]h dhwnnbpb_glZ




    
















&∫ ⋅⋅−⋅= Ψ−⋅+ ωω ,          (14) 
]^_ ( ) ( ) tjFF etVtV  ~Re ω⋅=  - Zfieblm^Z hij_^_ey_fZy ih^\h^bfhc d  
j_ahgZlhjm fhsghklvx ( )tPgen  _]h nZahc ( )tgenϕ b  
 dhwnnbpb_glhf k\yab k ih^\h^ysbf \hegh\h^hf Cβ : 
                                   








,                                     (15) 

























Rk sh⋅= ω - iZjZf_lj ihl_jv 
Ijbq_f Zfieblm^gu_ dhwnnbpb_glu ( )tVF~ b ( )trJ ,~ &
&
lZd `_ kqblZxlky
f_^e_ggh f_gyxsbfbky nmgdpbyfb \j_f_gb 
 
Iehlghklv jZ\ghf_jgh]h ihlhdZ lhdZ qZklbp gZ \oh^_ \ j_ahgZlhj ijb
z =  fh`gh aZibkZlv dZd  
                          






















     
, δδ &&&
&
.            (16) 
KqblZ_f qlh n-y qZklbpZ \e_lZ_l \ j_ahgZlhj \ fhf_gl \j_f_gb  







Lh]^Z iehlghklv lhdZ qZklbp \ lhqd_ z \ fhf_gl \j_f_gb t [m^_l jZ\gZ 
                                                                                                                           


























⊥ ∫∑ &&&&&& δδδ ,(17) 
LZd dZd f_^e_ggh f_gyxsZyky nmgdpby ( )tzI , bf__l i_jbh^ T  lh fu
fh`_f ij_^klZ\blv __ dZd  
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0   sin,  cos,2,
n
nSnC tntzItntzItItzI ωω ,          (18) 
]^_ dhwnnbpb_glu jZaeh`_gby kqblZxlky f_^e_ggh f_gyxsbfbky
nmgdpbyf \j_f_gb ih kjZ\g_gbx k i_jbh^hf dhe_[Zgbc ωpi /2=T ). 
                     


























,             (19) 
a^_kv Q~ - kj_^gbc aZ i_jbh^ iheguc aZjy^ \e_lZxsbc \ j_ahgZlhj  
Lh]^Z ( ) ( ) ( )
N
T
tItqtq n ⋅=≈ 00 ~ .  
Dhkbgmkguc dhwnnbpb_gl jZaeh`_gby ^ey hkgh\ghc i_j\hc ]Zjfhgbdb \
 jZ\_g 
( ) ( ) ( )

















   cos
,
1
             




































>ey n ijbgZ^e_`Zsbo h^ghfm i_jbh^m  Tn∀ ):       








nTt n , Nn ,...,2,1= . 
Lh]^Z dhkbgmkguc dhwnnbpb_gl fh`gh aZibkZlv dZd  
( ) ( ) ( )



































 cos, ϕω ,(20) 
    














, ωϕ . 
:gZeh]bqgh kbgmkguc dhwnnbpb_gl jZaeh`_gby \  jZ\_g 
 
             


















1 , sin   sin,
1
, ϕω .            (21) 




( ) ( ) ( ) ( )[ ] ( ) ( )[ ][ ]
( ) ( )[ ] ( )         , ,~Re,  cos2    
































]^_ dhfie_dkgZy Zfieblm^Z lhdZ jZ\gZ  
                                











, exp2,~ ϕ .                               (22) 
K mq_lhf wlh]h ijb 0ωω = ihemqbf h[s_ijbgylmx aZibkv mjZ\g_gby
i_j_oh^gh]h ijhp_kkZ  \ j_ahgZlhj_ gZ]jm`_gghf lhdhf  
 












,                  (23) 
\ dhlhjh_ djhf_ lh]h \oh^bl ^hihegbl_evgu dhwnnbpb_gl ]jmiibjh\db  
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τ ⋅= _]h fh`gh aZibkZlv \ \b^_ 
 
               
































.       (25) 
 
< klZpbhgZjghf kemqZ_  




















.                   (26) 
?keb ijb ijhe_l_ j_ahgZlhjZ kdhjhklv qZklbp g_ f_gy_lky lh
dhwnnbpb_gl ]jmiibjh\db W aZ\bkbl lhevdh hl nhjfu bfimevkZ lhdZ gZ
\oh^_ \ j_ahgZlhj Lh]^Z ijb g_ij_ju\ghf lhd_ gZ \oh^_ \ j_ahgZlhj
0=W b gZijy`_gb_ gZ j_ahgZlhj_ g_ aZ\bkbl hl \_ebqbgu kj_^g_]h lhdZ
0I  ijhoh^ys_]h q_j_a j_ahgZlhj : _keb gZ \oh^ ihklmiZ_l b^_Zevgh








ξ z= b [_ajZaf_jgmx Zfieblm^m












ihemqbf kh\f_klgmx kbkl_fm mjZ\g_gbc ^ey jZkq_lZ i_j_oh^gh]h ijhp_kkZ
\ j_ahgZlhj_ k mq_lhf _]h ]jmiibjh\db 
 
      
( ) ( ) ( ) ( ){ }
( ) ( ) ( )
( ) ( ) ( )[ ] ( )
{ } ( ){ } ( )

















































,  0                    , cos,












































































   (27) 
 
I_j_oh^ghc ijhp_kk jZkkfhljbf ^ey ]jmiibjm_fh]h imqdZ k wg_j]b_c
bg`_dpbb =IngU  d< bfimevkguf lhdhf aZ i_jbh^ =0I  : b
^ebl_evghklvx bfimevkZ lhdZ =Bτ  gk LZdb_ iZjZf_lju bf__l ijh_dl
ebg_cgh]h mkdhjbl_ey we_dljhgh\ ^ey bgl_gkb\gh]h bklhqgbdZ g_cljhgh\
BJ?G >@  
GZ jbk  b jbk  ihdZaZgu aZ\bkbfhklv hl \j_f_gb Zfieblm^u b nZau
gZijy`_gby gZ j_ahgZlhj_ ijb jZaebqguo gZqZevguo \oh^guo fhsghklyo
]jmiibjh\Zl_ey GZ jbk  ijb\_^_gZ iehlghklv qZklbp gZ \uoh^_
]jmiibjh\Zl_ey \ gZqZe_ aZiheg_gby kljmdlmju b ihke_ hdhgqZgby k]mkldZ 
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Jbk  AZ\bkbfhklv hl \j_f_gb Zfieblm^u ]jmiibjmxs_]h gZijy`_gby  
ijb jZaebqguo gZqZevguo \oh^guo fhsghklyo ]jmiibjh\Zl_ey 
Jbk  AZ\bkbfhklv hl \j_f_gb nZau ]jmiibjmxs_]h gZijy`_gby ijb  
jZaebqguo gZqZevguo \oh^guo fhsghklyo ]jmiibjh\Zl_ey 
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P0 = 10 kW
Uing = 200 kV,   Io= 1.5 A,  τb= 0.250 µsec
P0 = 80 kW
τ
 b  [µsec]
VNew/V0







P0 = 80 kW




Uing = 200 kV,   Io= 1.5 A,  τb= 0.250 µsec
τ
 b  [µsec]
Jbk  Iehlghklv qZklbp gZ \uoh^_ ]jmiibjh\Zl_ey \ gZqZe_ aZiheg_gby
kljmdlmju lhdhf b ihke_ hdhgqZgby k]mkldZ 
 
GZ jbk  gZqZevgZy \oh^gZy fhsghklv jZ\gZ  d<l < ihe_
khhl\_lkl\mxs_f lZdhc \oh^ghc fhsghklb ijhbkoh^bl ]jmiibjh\dZ
³]heh\u´ k]mkldZ ³O\hkl´ k]mkldZ ]jmiibjm_lky m`_ \ ihe_
wd\b\Ze_glghf \oh^ghc fhsghklb  d<l b k^\bgmlhf ih nZa_ gZ °.   
GZ jbk  ijb\_^_gu aZ\bkbfhklb ihegh]h baf_g_gby Zfieblm^u b nZau
]jmiibjmxs_]h gZijy`_gby gZ \uoh^_ ]jmiibjh\Zl_ey hl gZqZevghc
\oh^ghc fhsghklb 
>ey ijh_dlZ BJ?G >@ ]eZ\guf y\ey_lky iheguc aZjy^ \ k]mkld_
BIQ τ⋅= 0  GZ jbk  b  bah[jZ`_gu aZ\bkbfhklb hl \j_f_gb
Zfieblm^u b nZau ]jmiibjmxs_]h gZijy`_gby ijb jZaebqguo kj_^gbo
lhdZo imqdZ gh k h^bgZdh\uf iheguf aZjy^hf =Q  gD b k h^bgZdh\hc
gZqZevghc fhsghklvx gZ \oh^_ \ ]jmiibjh\Zl_ev  d<l GZihfgbf qlh
oZjZdl_jgh_ \j_fy i_j_oh^gh]h ijhp_kkZ \ jZkkfZljb\Z_fhf
]jmiibjh\Zl_e_ ≈= ωτ /2 LQ  gk ?kl_kl\_ggh q_f [hevr_ kj_^gbc
lhd l_f [hevr_ aZjy^ ijhe_lZxsbc ]jmiibjh\Zl_ev aZ i_jbh^ l_f
[hevr__ ihe_ hg [m^_l gZ\h^blv \ j_ahgZlhj_  
 
>Zevg_crZy ^bgZfbdZ imqdZ dZd ijh^hevgZy lZd b ihi_j_qgZy \
kbevghc kl_i_gb aZ\bkbl hl mkdhjyxs_c kljmdlmju ijbgbfZxs_c k]jmi- 
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Jbk  AZ\bkbfhklv ihegh]h baf_g_gby Zfieblm^u b nZau ]miibjmxs_]h  
gZijy`_gby hl fhsghklb ]_g_jZlhjZ 
Jbk AZ\bkbfhklv hl \j_f_gb Zfieblm^u mkdhjyxs_]h gZijy`_gby  
ijb jZaebqguo lhdZo imqdZ 
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Uing = 200 kV
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o
= 1.5 A,  
τb= 0.250 µsec
     I
o
= 3.0 A,  
τb= 0.125 µsec
     I
o




Uing = 200 kV, P0 = 10 kW
τ
 b  [µsec]
VNew/V0
Jbk  AZ\bkbfhklv hl \j_f_gb nZau mkdhjyxs_]h gZijy`_gby  
ijb jZaebqguo lhdZo imqdZ 
 
ibjh\Zgguc imqhd Ihwlhfm ihemq_ggu_ j_amevlZlu gZ^h jZkkfZljb\Zlv
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o
= 0.75 A,  
τb= 0.5 µsec
     I
o
= 3.0 A,  
τb= 0.125 µsec
27.9 o
     I
o





Uing = 200 kV,  P0 = 10 kW
τ b  [µsec]
